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(57) An implantable dual chamber stimulation de- 
vice provides a novel detection scheme for automatical- 
ly detecting atrial capture and perfomning an atrial pac- 
ing threshold assessment. The stimulation device pref- 
erably waits until the patient is at or near rest and mon- 
itors the patient's P-wave activity to determine an detec- 
tion windovi/ where a next P-wave is expected to occur. 
The stimulation device then delivers an atrial pulse prior 
to the next detection window, and monitors the window 
to determine whether a P-wave occurs therein. If a P- 
wave does not occur, then atrial capture Is present, while 
occurrence of a P-wave Indicates absence of atrial cap- 
ture. If atrial capture is absent, the stimulation device 



automatically detennines an appropriate atrial pacing 
threshold by monitoring the detection window while ad- 
justing the stimulation pulse energy level. Advanta- 
geously, the present invention further employs a "bot- 
tom-up" adjusting scheme which starts at a low energy 
level, below the expected atrial pacing threshold, and 
increases the energy level until atrial capture Is detect- 
ed, thus saving energy and further avoiding con^uption 
by large polarization signals. The latter feature is com- 
patible with the present detection scheme and conven- 
tional evoked response detection schemes. The new 
atrial pacing threshold Is then set at the atrial pulse level 
at which atrial capture was effectuated plus a predeter- 
mined safety margin. 
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Description 

[0001] The present invention relates in general to inn- 
plantable cardiac stimulation devices, including brady- 
cardia and anti-tachycardia stimulation devices, deflbril- s 
lators, cardioverters and combinations thereof that are 
capable of measuring physiological data and parametric 
data pertaining to implantable medical devices. More 
particularly, this invention relates to a system and meth- 
od for automating detection of atrial capture and deter- 
mination of an atrial pacing threshold in an implantable 
cardiac stimulation device. 

[0002] Implantable cardiac stimulation devices (such 
as pacemakers, defibrillators, and cardioverters) are de- 
signed to monitor and stimulate the heart of a patient 
that suffers from a cardiac arrhythmia. Using leads con- 
nected to a patient's heart, these devices typically stim- 
ulate the cardiac muscles by delivering electrical pulses 
in response to detected cardiac events which are indic- 
ative of a cardiac arrhythmia. Properly administered 
therapeutic electrical pulses often successfully reestab- 
lish or maintain the hearts regular rhythm. 
[0003] Implantable cardiac stimulating devices can 
treat a wide range of cardiac arrhythmias by using a se- 
ries of adjustable parameters to alter the energy, the 
shape, the location, and thef requency of the therapeutic 
pulses. The adjustable parameters are usually defined 
in a computer program stored in a memory, of the im- 
plantable device. The program (which is responsible for 
the operation of the implantable device) can be defined 
or altered telemetrically by a medical practitioner using 
an external Implantable device programmer. 
[0004] Modern implantable devices have a great 
number of adjustable parameters that must be tailored 
to a particular patient* s therapeutic needs. One adjust- 
able parameter of particular importance in stimulation 
devices is the stimulus energy (i.e., the pulse amplitude 
and pulse width) which can be programmed to new val- 
ues in response to changes in capture threshold. "Cap- 
ture" is defined as a cardiac depolarization and contrac- 
tion of the heart in response to a stimulation pulse. When 
a stimulation pulse stimulates either a patient's atrium 
or ventricle during an appropriate portion of a cardiac 
cycle, it is desirable to have the heart properly respond 
to the stimulus provided. Every patient has a "capture 
threshold" which is generally defined as the minimum 
amount of stimulation energy necessary to effect cap- 
ture. Capture should be achieved at the lowest possible 
energy setting yet provide enough of a safety margin so 
that should a patient's threshold increase, the output of 
an implantable stimulation device (i.e. the pacing stim- 
ulus energy) will still be sufficient to maintain capture. 
Dual chamber stimulation devices may have different 
atrial and ventricular pacing stimulus energies that cor- 
respond to different atrial and ventricular capture thresh- 
olds, respectively. 

[0005] The earliest stimulation devices had a prede- 
termined and unchangeable pacing stimulus energy, 



which proved to be problematic because the capture 
threshold is not a static value. The capture threshold al- 
so may be affected by a variety of physiological and oth- 
er factors. For example, certain cardiac medications 
may temporarily raise or lower the threshold from its nor- 
mal value. In another example, fibrous tissue that forms 
around stimulation device lead tips within several 
months after implantation may cause an increase in the 
capture threshold. To avoid loss of capture, the earliest 
stimulation devices were preset to deliver pacing pulses 
at the maximum energy available. As a result some pa- 
tients experienced discomfort because of the high level 
of stimulation. Furthermore, such stimulation pulses 
consumed extra battery resources, thus shortening the 
useful life of a stimulation device. 
[0006] When programmable stimulation devices were 
developed, the pacing stimulus energy was implement- 
ed as an adjustable parameter that could be set or 
changed by a medical practitioner. Typically, such ad- 
justments were effected by the medical practitioner us- 
ing an external programmer capable of communication 
with an implanted stimulation device via telemetry or via 
a magnet applied to a patient's chest. The particular set- 
ting for the stimulation device's, pacing threshold was 
usually derived from the results of extensive physiolog- 
ical tests perfonned by the medical practitioner to deter- 
mine the patient's capture threshold, from the patient's 
medical history, and from a listing of the patient's med- 
ications. This improvement in adjustable pacing stimu- 
lus energy pemnitted programming to lower values that 
tended to conserve battery energy and extend the useful 
service life of the stimulation device. 
[0007] Also, patients who experienced discomfort due 
to excessively high stimulus energy pulses could have 
the stimulus energy safely decreased thus, lessening 
the incidence of surgical revision of the pacing system. 
While the adjustable pacing stimulus energy feature 
proved to be superior to the previously known static 
stimulus energy, some significant problems remained 
unsolved. In particular, when a patient's capture thresh- 
old changed, the patient was forced to visit the medical 
practitioner to adjust the pacing stimulus energy accord- 
ingly. 

[0008] To address this pressing problem, manufactur- 
ers have developed advanced stimulation devices that 
are capable of determining a patient's capture threshold 
and automatically adjusting the stimulation pulses to a 
level just above that which is needed to maintain cap- 
ture. This approach, referred to herein as "autocapture", 
improves the patient's comfort, reduces the necessity of 
unscheduled visits to the medical practitioner, and 
greatly increases the stimulation device's battery life by 
conserving the energy used for stimulation pulses. 
[0009] A common technique used to determine 
whether capture has been effectuated is to monitor the 
patient's cardiac activity and to search for presence of 
an "evoked response" following a stimulation pulse. The 
evoked response is an electrical event that is the re- 
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sponse of the heart to the application of a stimulation 
pulse thereto. The patient's heart activity Is typically 
monitored by the stimulation device by keeping track of 
the stimulation pulses delivered to the heart and by ex- 
amining, through the leads connected to the heart, elec- 5 
trical signals that are manifest concurrent with depolari- 
zation or contraction of muscle tissue(myocardlal tis- 
sue) of the heart. The contraction of atrial muscle tissue 
is evidenced by the generation of a P-wave, while the 
contraction of ventricular muscle tissue Is evidenced by 
the generation of an R-wave (sometimes referred to as 
the "QRS" complex when viewed on an ECG strip). 
[0010] When capture occurs, the evoked response is 
an intracardiac P-wave or R-wave that indicates con- 
traction of the respective cardiac tissue in response to 
the applied stimulation pulse. For example, using such 
an evoked response technique, if a stimulation pulse is 
applied to the atrium (hereinafter referred to as an "A- 
pulse"), any response sensed by atrial sensing circuits 
of the stimulation device immediately following applica- 
tion of the A-pulse is presumed to be an evoked re- 
sponse that evidences capture of the atria. 
[001 1] However, It Is for several reasons very difficult 
to detect a true atrial evoked response. First, a high en- 
ergy A-pulse may obscure the evoked response signal, 
making it difficult to detect and identify. Second, the sig- 
nal sensed by the atrial sensing circuitry immediately fol- 
lowing the application of an A-pulse may be not an 
evoked response, but noise - either electrical noise 
caused, for example, by electromagnetic Interference, 
or myocardial noise caused by random myocardial or 
other muscle contraction. 

[0012] Another signal that interferes with the detec- 
tion of an evoked response, and potentially the most dif- 
ficult for which to compensate because it is usually 
present in varying degrees, is lead polarization. A lead/ 
tissue interface is that point where an electrode of the 
lead contacts the cardiac tissue. Lead polarization is 
commonly caused by electrochemical reactions that oc- 
cur at the leadAissue interface due to application of an 
electrical stimulation pulse, such as the A-pulse, across 
the interface. Unfortunately, because the atrial evoked 
response is sensed through the same lead electrode 
through which the A-pulse is delivered, the resulting po- 
larization signal fomned at the electrode can corrupt the 
evoked response sensed by the atrial sensing circuits. 
Furthermore, the lead polarization signal is not easily 
characterized; It is a complex function of the lead mate- 
rials, lead geometry, tissue impedance, stimulation en- 
ergy, and other variables, many of which'are continually 
changing overtime. 

[001 3] In each case, the result may be a false positive 
detection of an atrial evoked response. Such an en-or 
leads to a false atrial capture indication, which in turn 
leads to missed heartbeats - a highly undesirable and 
potentially a life-threatening situation. Another problem 
results from a failure by the stimulation device to detect 
an atrial evoked response that has actually occurred. In 



this case, a toss of atrial capture is indicated when atrial 
capture is in fact present - also an undesirable situation 
that will cause the stimulation device to unnecessarily 
invoke the atrial pacing threshold determination function 
and result in higher than necessary stimulus energy val- 
ues. 

[0014] Because of the problems previously stated re- 
garding the test for atrial capture verification and auto- 
matic threshold tests, currently available stimulation de- 
vices do not have this capability. As a result, many med- 
ical practitioners manually conduct atrial capture verifi- 
cation tests during periodic follow up examinations. 
These periodic follow-up examinations are performed 
by the medical practitioner after initial implantation and 
configuration of the stimulation device to detemiine 
whether the therapy delivered by the device is having 
the desired effect and to verify the proper operation. 
Capture verification and pacing threshold assessment 
Is typically performed by the medical practitioner using 
an external programmer for controlling the stimulation 
device functions in conjunction with a surface electro- 
cardiogram (ECG) device. 

[0015] However, this common capture verification 
and pacing threshold assessment procedure is a time 
consuming and complex task requiring significant atten- 
tion and effort on the part of the medical practitioner. The 
medical practitioner must spend a significant amount of 
time placing and subsequent removal of ECG elec- 
trodes, and configuring the ECG system for the patient's 
individual characteristics. The practitioner must also 
manually examine the ECG readout and analyze the 
cardiac waveform to detennine whether capture is 
present both during initial capture verification and during 
the pacing threshold determination tests. 
[0016] It would thus be desirable to provide a system 
and method for enabling the stimulation device to auto- 
matically perfonn atrial capture verification and atrial 
pacing threshold determination without a medical prac- 
titioner's involvement. It would also be desirable to en- 
able the stimulation device to perform the atrial capture 
verification and atrial pacing threshold determination 
without requiring dedicated circuitry and/or special sen- 
sors. It would further be desirable to maintain a record 
of atrial pacing threshold determination In the stimula- 
tion device so that a medical practitioner can verify the 
proper operation of the stimulation device by examining 
the record. 

[0017] The disadvantages and limitations discussed 
above are overcome by the present invention. In accord- 
ance with the invention, a system and method are pro- 
vided for automating (1 ) verification of proper atrial cap- 
ture affected by atrial pacing pulses generated by a pa- 
tient's implantable cardiac stimulation device, and (2) 
dynamic adjustment of the device's atrial pacing stimu- 
lus energy if and as necessary. The system and method 
of the present invention do not require use of special 
dedicated circuitry or special sensors to Implement the 
automated procedures. All of the aforesaid advantages 
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and features are achieved without incurring any sub- 
stantial relative disadvantage. 
[0018] The present invention is directed towards the 
pacing pulse generating portion of an implantable car- 
diac stimulation device (i.e., a bradycardia pacemaker 
or the pacing portion of a combination ICO/pacemaker 
device). 

[0019] A preferred embodiment of the stimulation de- 
vice includes a control system for controlling the opera- 
tion thereof, a set of leads for receiving atrial and ven- 
tricular signals and for delivering atrial and ventricular 
stimulation pulses, a set of sense amplifiers for sensing 
and amplifying the atrial and ventricular signals, and 
pulse generators for generating the atrial and ventricular 
stimulation pulses. In addition, the stimulation device In- 
cludes memory for storing operational parameters for 
the control system, and for storing data acquired by the 
control system for later retrieval by the medical practi- 
tioner using an external programmer. The stimulation 
device also includes a telemetry circuit for communicat- 
ing with an external programmer. 
[0020] Preferably, the stimulation device of the 
present invention Is a dual chamber rate-responsive de- 
vice with atrial tracking modes (such as, DDD and DDD 
(R)) capable of switching modes to at least a non-track- 
ing mode (such as, DDI and DDI(R)). Accordingly, an 
activity sensor is also Included for sensing when the pa- 
tient is at, or near, rest. 

[0021 ] In a preferred embodiment, the control system 
periodically performs an atrial capture verification test 
and an atria! pacing capture threshold assessment test. 
The frequency with which these tests are to be per- 
formed is preferably a programmable parameter set by 
the medical practitioner using an external programmer 
when the patient is examined during an office visit or 
remotely via a telecommunication link. The appropriate 
testing frequency parameter will vary from patientto pa- 
tient and depend on a number of physiologic and other 
factors. For example, if a patient is on a cardiac medi- 
cation regimen, the patient's atrial capture threshold 
may fluctuate thus requiring relatively frequent testing 
and adjustment of the atrial pacing threshold. 
[0022] In order for the capture verification and thresh- 
old assessment tests to work properly, the patient pref- 
erably should be at, or near, rest such that a stable atrial 
rhythm can be monitored by the stimulation device. 
Thus, prior to Initiating atrial capture verification, the 
control system detects whether the patient is at, or near, 
rest using the patient activity sensor. If the patient is not 
at or near rest, the control system waits tor a predeter- 
mined period of time before attempting to initiate the test 
again. 

[0023] When the control system finally detennlnes 

that the patient is at or near rest, the atria! capture ver- 
ification test is initiated by first assessing the intrinsic 
atrial rate or P-P interval. The Intrinsic atrial rate must 
be greater than the base rate such that the intrinsic, or 
native, P-waves are detectable. When the stimulation 



device is pacing, the Base Rate must be temporarily pro- 
grammed to a lower value to allow the Intrinsic atrial rate 
to emerge from the pacing rate. The reprogramming of 
the Base Rate may be perfomned in decrements of 5 to 
5 1 0 ppm until a minimum lower rate, not less than 30 ppm 
is obtained. The temporary lower rate can be limited by 
the medical practitioner through the use of the program- 
mer. If the rate of 30 ppm (or the minimum prescribed 
lower Base Rate of the stimulation device) is reached 
10 without the emergence of an Intrinsic rhythm, the cap- 
ture assessment test Is automatically temninated. 
[0024] With the emergence of an Intrinsic atrial rate, 
greater than the Base Rate, the mode of operation is 
changed from the atrial tracking modes (such as, DDD 
15 and DDD(R)) to a non-tracking mode (such as, DDI and 
DDl(R)). This temporary mode change is necessary to 
avoid occurrence of a Pacemaker Mediated Tachycar- 
dia (PMT) during the testing process. A PMT is a type 
of an-hythmia that sometimes occurs in VDD or DDD 
20 type stimulation devices. In which sensing of retrograde 
P-waves occurs In the atnum and triggers the ventricle. 
Retrograde conduction occurs in response to ventricular 
pacing, causing atrial contraction (i.e. a P-wave). Sens- 
ing of this P-wave causes the ventricle to again be stim- 
25 ulated, completing an "endless" loop and thus subject- 
ing the patient to PMT. Switching of the stimulation de- 
vice Into DDI mode eliminates the triggered response in 
the ventricle, thus preventing the occurrence of PMT. 
[0025] After the mode switch, the control system mon- 
30 Iters and measures the patient" s average P-wave inter- 
val over a short period of time, and then defines an ex- 
pected P-wave "window" of predetermined duration in 
which P-waves are expected to occur. The control sys- 
tem next generates an A-pulse at a predetennined pre- 
ss maturity time Interval prior to the next expected P-wave 
window and thereafter monitors the expected P-wave 
window to detennine whether a P-wave occurs within 
the window. The lack of a P-wave within that window 
indicates that an evoked P-wave occurred as a re- 
40 sponse to the A-pulse Immediately following the A-pulse 
(i.e., outside the expected intrinsic P-wave window). 
Thus, If a P-wave is not detected during the window, atri- 
al capture Is present. If atrial capture is thus verified, the 
control system switches the stimulation device back to 
45 original atrial tracking mode (i.e., DDD or DDD(R)) and 
ends the atrial capture verification test. 
[0026] The presence of a P-wave within the window, 
on the other hand, Indicates that there was no P-wave 
immediately following the A-pulse and thus no atria! cap- 
so ture. In this case, the control system needs to perform 
the atrial pacing threshold assessment test to set a new 
atrial pacing threshold to re-establish atrial capture. 
[0027] The control system sets atrial stimulation (I.e. 
the A-pulse) level below the previous atrial pacing level 
55 (or at a level that is expected to be below the patient's 
capture threshold), generates the A-pulse and monitors 
the window for a P-wave. If a P-wave Is again detected 
within the window, then the control system Increments 
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the A-pulse level and then generates the A-pulse at the 
higher level while monitoring the window. This process 
continues until a P-wave is no longer present during the 
window interval. 

[0028] The control system continues to monitor the s 
window for a predetermined number of pacing cycles to 
ensure that no P-waves occur within the window, and 
then records the atrial pacing stimulus energy at the cur- 
rent A-pulse output level as the threshold value and, op- 
tionally, adds an additional safety margin to the A-pulse 
threshold value. The control system records the atrial 
pacing threshold, the atrial stimulation levels, and other 
test-related data in the memory, and then switches the 
stimulation device back to original atrial tracking mode 
before ending the test. 

[0029] The incremental atrial pacing threshold test of 
the present invention significantly differs from previously 
known approaches because atrial stimulus output is In- 
itially set lower than the current threshold and progres- 
sively increased until capture occurs, while previously 
known approaches set initial atrial output at a high level 
and then decrement until capture is lost. The progres- 
sive output increase approach is advantageous over pri- 
or approaches because less electrical energy is con- 
sumed during the testing process and, moreover, be- 
cause the window observed by the control system is not 
"swamped" by high output level pulses. 
[0030] In an alternate embodiment, the method of in- 
crementally increasing the A-pulse level can also be 
used in an atrial capture system that employs an 
"evoked response" detection window following a stimu- 
lus, wherein only a paced, or evoked, P-wave in the de- 
tection window Indicates capture, as is well known in the 
art. 

[0031] Optionally, if the patient suffers from sinus 
bradycardia that is accompanied by retrograde conduc- 
tion, the expected P-wave window is set to at least a 
predetemriined portion of the cardiac cycle, and the con- 
trol system then searches for retrograde P-waves within 
the window. Similarly, presence of retrograde P-waves 
within the window Indicates loss of capture, while lack 
of retrograde P-waves confirms capture. If necessary, 
the atrial pacing threshold is assessed and set in the 
same manner as previously described. 
[0032] The system and method of the present inven- 
tion thus automatically verify atrial capture and, when 
necessary, automatically determine a proper atrial pac- 
ing threshold of the patient, without requiring dedicated 
or special circuitry and/or sensors. 
[0033] The above and further features, advantages 
and benefits of the Invention will become apparent in the 
following description taken in conjunction with the fol- 
lowing drawings. It is to be understood thatthe foregoing 
general description and the following detailed descrip- 
tion are exemplary and explanatory but are not intended 
to be restrictive of the invention. The accompanying 
drawings, which are incorporated in and constitute a 
part of this disclosure, illustrate one of the embodiments 
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of the invention and, together with the description, serve 
to explain the principles of the invention In general 
terms. Like numerals refer to like parts throughout the 

disclosure. 

[0034] FIG. 1 is a block diagram of a dual chamber 
stimulation device In accordance with the principles of 
the present invention; and 

[0035] FIG. 2 is a logic flow diagram representing an 
automatic atrial capture verification and atrial pacing 
threshold detennination control program executed by 
the control system of the stimulation device of FIG. 1 , in 
accordance with the principles of the present Invention. 
[0036] The system and method of the present inven- 
tion utilize a stimulation device's nomnal sensing, pulse 
generating and control circuitry to perfonn an automatic 
atrial capture verification and, when necessary, an atrial 
pacing threshold detennination test. 
[0037] A stimulation device 1 0 in accordance with the 
invention Is shown in FIG. 1. The stimulation device 10 
is coupled to a heart 24 by way of leads 32 and 34, the 
lead 32 having an electrode 18 which is in contact with 
one of the atria of the heart 24, and the lead 34 having 
an electrode 20 which is in contact with one of the ven- 
tricles. The lead 32 carries stimulating pulses to the 
electrode 1 8 from an atrial pulse generator 1 6, while the 
lead 34 carries stimulating pulses to the electrode 20 
from a ventricular pulse generator 22. In addition, elec- 
trical signals from the atria are carried from the electrode 
1 8, through the lead 32 to the input temninai of an atrial 
sense amplifier 26. Electrical signals from the ventricles 
are carried from the electrode 20, through the lead 34 
to the input temriinal of a ventricular sense amplifier 28. 
[0038] Controlling the dual chamber stimulation de- 
vice 1 0 is a control system 30. The control system 30 Is 
preferably a microprocessor-based system such as that 
disclosed in commonly assigned U.S. Patent No. 
4,940,052 of Mann, which is incorporated herein by ref- 
erence In Its entirety. The control system 30 may also 
be a state logic-based system such as that disclosed in 
commonly assigned U.S. Patent No. 4,944,298 of 
Sholder, which is incorporated herein by reference In its 
entirety. The control system 30 also includes a real-time 
clock (not shown) for providing timing functionality for 
monitoring cardiac events and for timing the application 
of therapeutic pulses by the pulse generators 1 6 and 24. 
[0039] The stimulation device 10 also includes a 
memory 14 which is coupled to the control system 30. 
The memory 14 allows certain control parameters used 
by the control system 30 in controlling the operation of 
the stimulation device 10 to be programmably stored 
and modified, as required, in order to customize the op- 
eration of the stimulation device 10 to suit the needs of 
a particular patient. In particular, the pacing stimulus en- 
ergy parameters for the pacing pulses are stored in the 
memory 14. In addition, data sensed during the opera- 
tion of the stimulation device 1 0, as for example during 
atrial capture verification and atrial pacing threshold as- 
sessment tests, may be stored in the memory 1 4for later 
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retrieval and analysis by a medical practitioner using an 
external programnner. 

[0040] The control system 30 receives the output sig- 
nals from the atrial amplifier 26. Similarly, the control 
system 30 also receives the output signals from the ven- s 
tricular amplifier 28. These various output signals are 
generated each time that an atrial event (e.g., a P-wave) 
or a ventricular event (e.g., an R-wave) Is sensed within 
the heart 24. 

[0041 ] The control system 30 also generates an atrial 

trigger signal which is sent to the atrial pulse generator 
16, and a ventricular trigger signal which is sent to the 
ventricular pulse generator 22. These trigger signals are 
generated each time that a stimulation pulse is sched- 
uled to be generated by one of the pulse generators 1 6 
or 22. The atrial stimulation pulse Is referred to simply 
as the "A-pulse," and the ventricular stimulation pulse is 
refen^ed to as the "V-pulse." The characteristics of these 
stimulation pulses are determined by the pacing stimu- 
lus energy settings that are stored in the memory 14. 
[0042] During the time that either an A-pulse or a V- 
pulse is being delivered to the heart 24, the correspond- 
ing atrial sense amplifier 26 or the ventricular amplifier 
28 Is typically disabled by way of a blanking signal pre- 
sented to the appropriate amplifier 26 or 28 from the 
control system 30. This blanking action prevents the am- 
plifiers 26 and 28 from becoming saturated with the rel- 
atively large stimulation pulses that are present at their 
input terminals during pacing pulse delivery. It also pre- 
vents residual electrical signals (known as "after-poten- 
tials" or polarization) present at the electrode tissue In- 
terface from being interpreted as atrial or ventricular 
events. During the atrial capture verification and atrial 
pacing threshold assessment tests of the invention, the 
atrial sense amplifier 26 is preferably enabled so that P- 
waves may be detected during all portions of the pacing 
cycle. 

[0043] The stimulation device 1 0 also includes an ac- 
tivity sensor 36 connected to the control system 30 for 
determining whether the patient is at or near rest. The 
activity sensor 36 Is typically used in rate-responsive 
stimulation devices to alter the pacing rate to match the 
patient's physical activity. The control system 30 wi II only 
initiate the tests when it detemnines that the patient is at 
or near rest. 

[0044] A telemetry circuit 1 2 is further included in the 
stimulation device 10 connected to the control system 
30. The telemetry circuit 12 may be selectively coupled 
to an external programmer 100 by means of an appro- 
priate communication link 112, such as an electromag- 
netic telemetry link ora remote communication llnksuch 
as a pair of modems interconnected via a telecommu- 
nications link and equipped with telemetry capabilities. 
[0045] The operation of the stimulation device 10 is 
generally controlled by a control program stored in the 
memory 1 4 and executed by the control system 30. This 
control program typically consists of multiple integrated 
program modules, with each module bearing responsi- 



bility for controlling one or more functions of the stimu- 
lation device 1 0. For example, one program module may 
control the delivery of stimulating pulses to the heart 24, 
while another may control the verification of atrial cap- 
ture and atrial pacing threshold detemriinatlon. In effect, 
each program module is a control program dedicated to 
a specific function or set of functions of the stimulation 
device 10. The control program module dedicated to 
controlling the atrial capture verification and atrial pac- 
ing threshold determination tests Is described below In 
connection with FIG. 2. 

[0046] FIGS. 2-4 are a flow diagram representing the 
control program for assessing atrial capture and per- 
forming an atrial capture threshold assessment test, 
[0047] In a preferred embodiment of the Invention, the 
control system 30 periodically invokes the control pro- 
gram to perform the atrial capture verification test and 
the atrial pacing threshold assessment tests. The fre- 
quency with which these tests are to be performed is 
preferably a programmable parameter set by using the 
external programmer 1 00. Alternatively the programmer 
may be used to initiate a test sequence when the patient 
is examined during an office visit or remotely via the 
communication link 112. The appropriate testing fre- 
quency parameter will vary from patient to patient and 
depend on a number of physiologic and other factors. 
For example, if a patient is on a cardiac medication reg- 
imen, the patient's atrial capture threshold may fluctu- 
ate, thus requiring relatively frequent threshold testing 
and adjustment of the atrial pacing stimulus energy 
[0048] There are three different patient conditions 
during which the capture verification test and the atrial 
pacing threshold assessment tests may be performed. 
Most commonly each patient will exhibit one or two of 
the conditions and rarely only all three conditions. The 
three conditions usually do not exist simultaneous but, 
may be present in combination at various times in the 
same patient. The conditions may dependent upon the 
patient's daily level of activity, drug regime and time of 
day. Additionally, the condition may change within each 
patient as a function of the progression of the disease 
process expressed as the indications for having a stim- 
ulation device implanted and the associated symptoms. 
[0049] The three patient conditions may be described 
as (a) an intrinsic atrial rhythm with a rate greater than 
the programmed Base Rate, (b) an intrinsic atrial rhythm 
that is over shadowed by pacing at a rate greater than 
the Intrinsic atrial rate, and (c) a paced atrial rhythm 
where the intrinsic rate is very slow (i.e., in some pa- 
tients with a very slow intrinsic rhythm, the patient may 
be symptomatic when paced in a ODD mode at the low 
atrial rate due to insufficient cardiac output resulting in 
low peripheral perfusion). Accordingly, each condition 
will be described separately below. 



15 



20 



25 



30 



35 



40 



45 



50 



6 



11 



EP 1 116 495 A2 



12 



INTRINSIC ATRIAL RATE > THE PROGRAMMED 
BASE RATE 

[0050] As shown In FIG. 2-3, and with reference to 
FIG. 1 , when the test sequence is initiated (at step 200) 
and the patient's condition is one where the intrinsic atri- 
al rate Is greater than the programmed Base Rate, the 
control system 30 first determines whether the patient 
is at. or near, rest (at step 202). Being at rest, provides 
the best opportunity for detecting when the atrial rhythm 
and rate are stable. During step 202, the sensor 36 pro- 
vides comparative information to the control system 30 
to detect the rest state. If the patient is not at, or near, 
rest, the initiation of the test sequence is delayed by an 
amount of time (at step 204) and then the test for the 
patient to be at, or near rest. Is reassessed. 
[0051] Once rest is detected (at step 202), the mode 
Is temporarily changed from an atrial tracking mode (i. 
e., DDD) to a non-atrial tracking mode (i.e., DDI) (at step 
206). This mode change prevents the stimulation device 
from tracking a retrograde P-wave, thus preventing a 
Pacemaker Mediated Tachycardia (PMT). 
[0052] The control system 30 next tests for the pres- 
ence of an intrinsic atrial rate (at step 208) and meas- 
ures the average P-P Interval (at step 210) over suffi- 
cient period of time to verify that the patient's atrial 
rhythm Is stable. A stable atrial rhythm and rate will con- 
sistently produce P-waves in a defined detection win- 
dow as detennined In step 212. The detection window 
frequency and duration is calculated by the control sys- 
tem 30 and is dependent upon the measured P-P inter- 
val. 

[0053] The capture verification assessment test pro- 
ceeds with an A-pulse generated (at step 214) at a pre- 
detennined "prematurity" interval, I.e., the generated 
premature A-pulse will be delivered within a cardiac cy- 
cle prior to the occurrence of the P-wave detection win- 
dow and after the previous detected paced or sensed 
ventricular beat. The amplitude of the A-pulse is typically 
predetermined (i.e., programmable or set by the manu- 
facturer). The control system 30 will monitor for P-waves 
(at step 216) within the predetermined detection window 
found (at step 212). 

[0054] Capture by the premature A-pulse is Initially 
detected by the absence of a P-wave in the detection 
window as determined (at step 21 8). If capture is detect- 
ed (that is, no P-waves are occurring in the detection 
window, (at step 218), then the control system 30 will 
continue to monitor the absence of P-waves in the de- 
tection window for, a predetermined number, "N", of cy- 
cles and further may apply additional criteria (e.g., "F" 
out of "N" cycles) (at step 222). 
[0055] If either a P-wave Is found In the detection win- 
dow (yes in step 218) or there, has not been a prede- 
termined number of cycles without P-waves (no in step 
222), then capture is not confirmed and the A-putse will 
be Incremented In step 220. 

[0056] Once the capture has been found (at step 222), 



the control system 30 will check to see if it is time to 
perform a capture threshold test, (at step 224), to re- 
establish the lowest threshold. 
[0057] If it is time for such a test, the A-pulse stimulus 

5 amplitude is temporarily decreased to a value expected 
to be below threshold (at step 226) (e.g., a minimum pre- 
detennined value or a value less than the previously re- 
corded threshold value). At this point the loop sequence 
repeats itself: a premature A-pulse is generated (step 

10 214); the control system 30 monitors for a P-wave within 
the P-wave detection window (step 216); if a P-wave Is 
detected (step 218), then the A-pulse stimulus ampli- 
tude Is Incremented (step 220); and this loop is repeated 
until the absence of a P-wave is detected (e.g., in "F" 

15 out of "N" P-waves) (step 222). 

[0058] If it is not time for a threshold test (no, at step 
224), the control system 30 continues to "C" in FIG. 3. 
At step 228, the control system 30 detennlnes whether 
a capture assessment test was perfomried, or simply a 

20 capture recovery for a single loss of capture. If a capture 
assessment test was perfonned, then the A-pulse stim- 
ulus amplitude is recorded as the stimulus threshold val- 
ue (step 232). If it was a capture recovery, then the new 
value of the pulse energy is recorded and used until it 

25 is time for the next capture assessment test. In either 
case, a safety margin is added (step 238) and store the 
new A-pulse stimulus value (including the safety mar- 
gin) into memory 14 (step 240). Finally, the control sys- 
tem 30 will restore all previously programmed parame- 

30 let values (excluding, of course, the A-pulse stimulus 
amplitude) in step 280 and end the sequence in 290 (i. 
e., continue with other pacing routines). 

INTRINSIC ATRIAL RATE < THE BASE RATE 

35 

[0059] As shown in FIGS. 2 and 4, when the patient's 
condition is one where the intrinsic atrial rate is less than 
the programmed Base Rate, the control system 30 will 
detemnine (at step 208, Fig. 2) that the stimulation de- 
40 vice Is pacing the atrium because the intrinsic atrial rate 
is less than the Base Rate of the stimulation device (no, 
at step 208). 

[0060] As such, the control system 30 will proceed to 
step 250 (see "A" in FIG. 4), and determines whether 

45 one of the following modes has been pre-programmed 
based on prior knowledge of what the patient can best 
tolerate: (a) temporarily decrementing the Base Rate, 
or(b) perfonn a retrograde conduction test (at step 250). 
For the moment, the description below will describe op- 

50 tion (a) and discuss option (b) thereafter. 

[0061 ] Accordingly, the control system 30 proceeds to 
step 252 and temporarily decreases the Base Rate 
based on the prior knowledge that this particular patient 
can tolerate a temporary lower heart rate that originates 

55 from a slow atrial rate. 

[0062] For the condition that the temporary Base Rate 
value Is greater than the minimum allowable lower rate 
value, the control system tests for the presence of an 
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Intrinsic P-waves (at step 254), and preferably that the 
P-waves repeat with consistency (e.g., by verifying that 
there are at least "F" out of "N" P-waves). 
[0063] When P-waves do not exist with the desired 
consistency (no, at step 254), Indicating that a paced s 
atrial rhythm Is detected, the control system 30 pro- 
ceeds to step 256 to determine if the new temporary 
Base Rate is equal to the minimum allowable value 
which is predetermined and stored in memory 14. If it is 
not, then an additional temporary decrement of the Base 
Rate occurs (at step 252). This sequence is repeated 
until such time as the intrinsic atrial rhythm emerges or 
the minimum allowable Base rate is reached. 
[0064] If, the minimum temporary Base Rate is 
reached (at step 256), and an Intrinsic atrial rhythm has 
not emerged, as tested at step 254, the entire test will 
be tenninated, the original pacing mode and other pa- 
rameters are restored, and the test failure may be date 
and time stamped and recorded (at step 274) and the 
test sequence ends (at step 290). The test failure infor- 
mation can be retrieved later via telemetry with the ex- 
ternal programmer 100. 

[0065] When P-waves do exist with the desired con- 
sistency (yes, at step 254), the control system 30 pro- 
ceeds to step 21 0 ("B" in FIGS. 2 and 4) and the method 
steps 210-290, of establishing a detection window and 
for assessing whether P-waves fall within this window, 
then continues, as described above. 

INTRINSIC ATRIAL RATE < BASE RATE WITH 
SYMPTOMS FROM BRADYCARDIA 

[0066] As also shown in FIG. 2 and 4, when the pa- 
tient's condition is one where the intrinsic atrial rate is 
less than the programmed Base Rate, the control sys- 
tem 30 will again detennine (at step 208, Fig. 2) that the 
stimulation device is pacing the atrium because the in- 
trinsic atrial rate Is less than the Base Rate of the stim- 
ulation device (no, at step 208). 
[0067] However, based on the prior knowledge that 
this particular patient does not tolerate a temporary low- 
er heart rate that originates from a slow atrial rate, the 
control system 30 will determine that a Retrograde Con- 
duction test is need (at step 250), as previously pro- 
grammed into the device by the physician. The control 
system 30 will then proceed with a Retrograde Conduc- 
tion test (at step 260. In FIG. 4). 
[0068] The Retrograde Conduction test Is preferred 
when the patient might experience symptoms such as 
those that result from low cardiac output resulting from 
the low Intrinsic rate and it is perfomried at the pro- 
grammed Base Rate. The Retrograde Conduction test 
begins with the atrial stimulus energy temporarily set to 
a desired minimum output (at step 262). This is done to 
effectively simulate VVl pacing while maintaining the 
stimulation device in the DDI dual chamber mode pre- 
viously selected (at step 206). 

[0069] By virtue of the determination of step 208 (FIG. 



2), the stimulation device is currently pacing at a rate 
greater than the patlenf s intrinsic rate and therefore the 

patient should be paced in the ventricle without a syn- 
chronizing atrial event, paced or sensed, preceding the 
ventricular stimulus pulse. The lackof a preceding phys- 
iologic encourages retrograde conduction of a signal 
from the paced or naturally depolarized ventricle to the 
atrium. A retrograde conducted electrical signal results 
In an atrial contraction, or depolarization, as evidenced 
by a P-wave. The presence of the P-wave establishes 
retrograde conduction and could only exist in response 
to an isolated ventricular contraction not preceded by 
an atrial depolarization, and a retrograde conduction 
pathway. An atrial stimulus of sufficient amplitude so as 
to cause evoke a P-wave prior to the ventricular paced 
event will block the retrograde conduction pathway such 
that a retrograde P-wave will not occur soon after the 
ventricular depolarization. 

[0070] As shown in FIG. 4, the retrograde P-wave is 
detected (at step 264) for several (e.g., "N") beats and 
preferably "F" out of "N" times to ensure consistency. If 
step 264 is met, the measured inten^al between the V- 
Pulse to P-wave for the retrograde conduction Is deter- 
mined (at step 266). A retrograde detection window for 
the expected P-wave is established based on the aver- 
age of a series of measured V-Pulse to P-wave Intervals 
(at step 268). 

[0071 ] The presence of retrograde conduction is con- 
firmed by P-waves always appearing In the retrograde 
detection window. Conversely, when a retrograde P- 
wave is not present in the retrograde detection window 
in response to an applied atrial stimulus, the absence 
indicates that the A-Pulse captured the atrium just prior 
the V-Pulse, thereby causing the retrograde pathway to 
be refractory to conduction. Thus, the value of the atrial 
stimulus energy when the retrograde P-wave disap- 
pears is the atrial capture threshold. 
[0072] Accordingly, the atrial stimulus energy is incre- 
mented (at step 270) and when the presence of the ret- 
rograde P-wave is detected and, preferably, counted as 
"F" out of "N" cycles (at step 272), atrial capture is not 
found. The atrial stimulus energy Is then incremented 
again (at step 270) and the retrograde P-wave detection 
and counting process continues to loop between steps 
270 and 272, until retrograde P-waves are not present 
(no, at step 272). Thus, the value of the atrial stimulus 
energy when the retrograde P-wave disappears Is the 
atrial capture threshold. 

[0073] Alternatively, is the Retrograde Conduction 
test does not satisfy the desired (e.g., "F" out of "N") 
criteria In step 264, the test Is terminated (at step 274), 
the original pacing mode and other parameters are re- 
stored, and the test failure may be date and time 
stamped and recorded in memory 14 (at step 274) and 
the test sequence ends (at step 290). The test failure 
infomriation can be retrieved later via telemetry with pro- 
grammer 100. 
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Claims 

1. An implantable stimulation device (10) including a 
system for detecting atrial capture and automatical- 
ly setting an atrial stimulation pulse energy, the sys- 
tem comprising: sensing means (18, 32, 26) for 
sensing P-waves; pulse generating means (16) for 
generating atria! stimulation pulses; and control 
means (30), coupled to the sensing means (26) and 
the pulse generating means (16); characterised by 
adjusting means for adjusting atrial stimulation 
pulse energy to a predetemnined low energy level 
when atrial capture Is not present, and for incre- 
menting the atrial stimulation pulse energy level by 
a predetermined amount until the presence of atrial 
capture is detected; and in that the control means 
is arranged to trigger the pulse generator (16) to 
generate atrial stimulation pulses, to define a detec- 
tion window following at least one atrial stimulation 
pulse, and to detect atrial capture based on the ab- 
sence or presence of a P-wave In the detection win- 
dow. 



(30) includes means for defining the detection win- 
dow only when the activity signal indicates that the 
patient is resting. 

5 6. A device as claimed in any preceding claim, char- 
acterised in that the implantable stimulation device 
(10) normally operates In a dual-chamber atrial 
tracking mode and is switchable to operate in a du- 
al-chamber non-tracking mode and in which the 

10 control means further comprises: means for deter- 
mining that an atrial capture assessment is needed; 
means for switching from the atrial tracking mode 
to atrial non-tracking mode when atrial capture as- 
sessment is needed; and means for switching from 

15 the non-tracking mode back to the atrial tracking 
mode when atrial capture is present. 



20 



2. A device as claimed in Claim 1 , characterised in that 

the sensing means includes means for sensing 25 
evoked P-waves and the control means (30) in- 
cludes means for defining the detection window im- 
mediately following the atrial stimulation pulse such 
that atrial capture is defined as the absence of an 
evoked response in the detection window. 30 

3. A device as claimed In Claim 1 , characterised In that 
the sensing means (26) includes means for sensing 
Intrinsic waves and the control means (30) includes 
meansfordetennlnlnga P-P Interval, means for de- 3S 
fining the detection window based on the P-P inter- 
val, and means for triggering the atrial stimulation 
pulse prior to the detection window such that non- 
capture Is defined when a P-wave is sensed during 

the detection window and capture Is defined when 
a P-wave is not sensed during the detection win- 
dow. 



4. A device as claimed in Claim 3, characterised in that 
the control means (30) further comprises means for 45 
adjusting stimulation rate so that intrinsic P-waves 
occur, means for detecting an average intrinsic P- 
P interval and means for defining the detection win- 
dow based on a range about the average Intrinsic 
P-P interval. so 



5. A device as claimed In any preceding claim, char- 
acterised by activity sensing means for generating 
an activity signal having a magnitude indicative of 
a patient's physical activity level and means for de- ss 
tecting when the magnitude of the activity signal is 
less than a predetermined level indicating that the 
patient is resting, and in which the control means 
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(57) An implantable dual chamber stimulation de- 
vice provides a novel detection scheme for automatical- 
ly detecting atrial capture and perfonning an atrial pac- 
ing threshold assessment. The stimulation device pref- 
erably waits until the patient is at or near rest and mon- 
itors the patient's P-wave activity to determine an detec- 
tion window where a next P-wave is expected to occur. 
The stimulation device then delivers an atrial pulse prior 
to the next detection window, and monitors the window 
to determine whether a P-wave occurs therein. If a P- 
wave does not occur, then atrial capture is present, while 
occurrence of a P-wave indicates absence of atrial cap- 
ture. If atrial capture is absent, the stimulation device 
automatically detemriines an appropriate atrial pacing 
threshold by monitoring the detection window while ad- 
justing the stimulation pulse energy level. Advanta- 
geously, the present Invention further employs a "bot- 
tom-up" adjusting scheme which starts at a low energy 
level, below the expected atrial pacing threshold, and 
increases the energy level until atrial capture is detect- 
ed, thus saving energy and further avoiding corruption 
by large polarization signals. The latter feature is com- 
patible with the present detection scheme and conven- 
tional evoked response detection schemes. The new 
atrial pacing threshold is then set at the atrial pulse level 
at which atrial capture was effectuated plus a predeter- 
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